We studied the chromosomal distribution of telomere repeats (TTAGGG) n in 8 species of Sigmodon (cotton rats) using chromosome paints fluorescent in situ hybridization (FISH) from Sigmodon hispidus. In 2 species with the proposed primitive karyotype for the genus, telomere repeats were restricted to telomeric sites. But in the other 6 species that include 3 with proposed primitive karyotypes and 3 with highly rearranged karyotypes, telomere repeats were found on both telomeric sites and within interstitial telomeric sites (ITSs). To explain the distribution of ITS in Sigmodon, we gather data from C-bands, silver nitrate staining, G-bands, and chromosomal paint data from previous published studies. We did find some correlation with ITS and heterochromatin, euchromatic chromosomal rearrangements, and nucleolar organizing regions. No one type of chromosomal structure explains all ITS in Sigmodon. Multiple explanations and mechanisms for movement of intragenomic sequences are required to explain ITS in this genus. We rejected the hypothesis that age of a lineage correlates with the presence of ITS using divergence time estimate analyses. This multigene phylogeny places species with ITS (S. arizonae, S. fulviventer, S. hispidus, S. mascotensis, S. ochrognathus, and S. toltecus) in the clade with a species without ITS (S. hirsutus). Lineages with ITS (S. arizonae and S. mascotensis) arose independently from a lineage absent of ITS (S. hirsutus) around 0.67 to 0.83 Ma. The rearranged karyotypes of S. mascotensis and S. arizonae appear to be an independently derived autapomorphic characters, supporting a fast rate of chromosomal changes that vary among species.
Sigmodon is a monophyletic group documented by mitochondrial DNA (mtDNA) and nuclear gene analyses (e.g., Steppan et al. 2004; Henson and Bradley 2009) . This monophyletic group is part of a much larger group of rodents, in the subfamily Sigmodontinae (New World rats and mice), of at least 377 species that mainly occur in Central and South America. Species of Sigmodon are distributed in Mexico, Central and South America; with the exception of S. hispidus that occurs only in the southwestern and southeastern United States. At least 5 different karyotypes have been documented within 10 species from this genus. Diploid numbers range from 22 to 82, autosomes range from entirely acrocentric to mainly biarmed, and X chromosomes include acrocentric and subtelocentric centromere placements.
To better understand karyotypic diversity in Sigmodon, studies have used G-banding to describe chromosomal evolution from the ancestral karyotype, which is proposed to be similar to the karyotype of the extant species, S. hispidus (Zimmerman 1970; Elder 1980) . Swier et al. (2009) tested this ancestral hypothesis through chromosome paints that were constructed from S. hispidus (2N 5 52; FN 5 52) and in situ hybridized to 9 species of Sigmodon. Five of these species (S. hirsutus, S. leucotis, S. ochrognathus, S. peruanus, and S. toltecus) have a diploid number of 52 and a karyotype that is difficult to distinguish from S. hispidus. When paints of S. hispidus were hybridized to the karyotypes of these 5 species, the paints hybridized to similar sized chromosomes, demonstrating the conservation of the S. hispidus paints.
These results are compatible with the hypothesis that these species have maintained the proposed primitive karyotype. In contrast to the 6 species (including S. hispidus) that had maintained the proposed primitive karyotype, there were 3 other species with rearranged karyotypes that had diploid numbers of 30 in S. fulviventer, 28 in S. mascotensis, and 22 in S. arizonae (Figure 1 ). Using the S. hispidus paints, it was possible to establish that whole-arm translocations/fusions and one partial arm translocation (in S. arizonae) could account for this reduction in diploid number (Figure 1 ). Hence, 3 species of Sigmodon had a substantial number of different euchromatic chromosomal rearrangements that for the most part were restricted to respective species. These recent unique rearrangements provided multiple evolutionary events to study the effects of recent euchromatic intragenomic movement of the distribution of telomere repeat DNA in Sigmodon karyotypes.
In the 6 species of Sigmodon (S. hirsutus, S. hispidus, S. leucotis, S. ochrognathus, S. peruanus, and S. toltecus) that have not experienced any euchromatic movement of chromosomal arms or segments, the proposed primitive condition for Sigmodon has been maintained. If telomeric repeats appear at sites that are interstitial, that is, interstitial telomere repeat DNA sites (ITSs), and not just at telomeres in one or multiple species with the proposed primitive karyotype, then it would be parsimonious to explain these insertions as not being a product of euchromatic chromosomal rearrangements. It is well documented that the tandem repeats that make up the ribosomal gene complex move throughout the genome without involving major euchromatic rearrangements (Hamilton et al. 1990 ). Alternatively, the 3 species of Sigmodon (S. arizonae, S. fulviventer, and S. mascotensis) whose evolutionary history involves extensive restructuring of the euchromatic segments relative to the condition proposed as primitive, the euchromatic rearrangements may produce interstitial sites of telomere repeat DNA. If this is accurate, the interstitial telomeric repeat DNA should be established at the telomeric ends of the euchromatic segments that were once present as telomeres in the primitive karyotype.
Telomeric repeats that are located in interstitial regions within derived karyotypes seem more likely to correspond to proposed fusion points of 2 rearrangements (Scherthan 1990; Lee et al. 1993; Vermeesch et al. 1996; Zhdanova et al. 2005 ). This may be explained because these ''younger'' or recently rearranged chromosomes have retained the remnants of the previous telomeres on chromosomally rearranged fragments. Telomeric repeats located in interstitial regions of ancestral karyotypes are more likely found in constitutive heterochromatin, not fusion points (Metcalfe et al. 2004; Ventura et al. 2006) . These telomeric repeats are considered as a regular component of satellite DNA in heterochromatin or in a few cases, in euchromatin with a region of highly repetitive DNA. Another hypothesis indicates that nuclear organizing regions are associated near telomere sequences and these telomere sequences may play a role in the organization of the nucleolus (Liu and Fredga 1999) . Lastly, there may be a total loss of telomeric repeats in interstitial areas, even in places where chromosome fusion points are known to exist. Centromeric heterochromatin and telomeric repeats may be lost during recombination events over evolutionary time (Scherthan 1990 ), but the loss of telomeric repeats in known fusion points can be documented in a polymorphic species that had recent rearrangements (Rogatcheva et al. 2000) .
Hence, the possibility exists that the distribution of telomeric repeats does differ in karyotypes of species of different evolutionary ages. This difference may be due to the age of the chromosomal rearrangement or to some other cellular process if the telomere repeat known to exist in a fusion point has been lost. As the derived species of Sigmodon have been documented with whole arm translocations (Swier et al. 2009 ), tandem fusions (Elder 1980) , and telomeric repeats in interstitial areas (Meyne et al. 1990 ), the possibility exists that intragenomic repeats exist as a consequence of recent euchromatic rearrangements (in the recently derived species S. arizonae, S. fulviventer, and S. mascotensis). The different karyotypic scenarios in Sigmodon provide a unique opportunity to study the correlation of ITS with chromosomal structure (euchromatic chromosomal rearrangements, heterochromatin, and nucleolar organizing regions [NORs] ), evolutionary age of the species, or the combination of both.
Materials and Methods

Animals
Cell suspensions of chromosomal preparations archived at Texas Tech University were from the following specimens: Figure 1 . The unique rearrangements in the 3 derived species of Sigmodon (S. arizonae, S. fulviventer, and S. mascotensis). These rearrangements were discovered using chromosomal paints isolated from S. hispidus, the proposed ancestral karyotype. Each ideogram segment is labeled with the S. hispidus chromosomal paint. Modified from figures in Swier et al. (2009 In total, the cell suspensions from 8 animals (1 per species) were used for this study. TK numbers link the data set to the tissues and karyotypes collected from the voucher specimen, and TTU numbers identifies Museum of Texas Tech University voucher specimens.
Fluorescent In Situ Hybridization
Fluorescent in situ hybridization was conducted with a telomere probe to compare with the results in Meyne et al. (1990) for S. fulviventer, S. hispidus, and S. mascotensis and to investigate possible telomeric repeat DNA in interstitial regions of 5 other species of Sigmodon. Fluorescent in situ hybridization was completed according to ''Protocol N'' of the Starfish Pan telomeric chromosome paint (Cat. No 1696), Cambio Ltd. After the slides were washed and air dried, each slide was stained for 5 min in 33 ng/ml of 4#,6-diamidino-2-phenylindole (DAPI)/2Â SSC, then destained for 10 min in 2Â SSC. The slides were allowed to air dry and 35 l of Vectashield Mounting medium with Propidium Iodide were placed on each slide and mounted with a coverslip.
Chromosome Analysis
Chromosome spreads were viewed using an Olympus BX51 epifluorescent microscope and images were photographed with an Applied Imaging camera. At least 10 metaphase spreads were photographed and analyzed for each species. No single spread perfectly exhibits the conclusions of the telomeric DNA in spreads with quality G-bands therefore conclusions for a species represent the compilation of data from detailed studies of at least 10 spreads. These images were captured using the Genus System 3.7 from Applied Imaging Systems (San Jose, CA). DAPI images were inverted with Image Pro Plus 4.5.1 22 (Media Cybernetics, Inc, MD) so that areas that were stained brightly with DAPI became comparable to the dark bands of classical G-bands. The G-bands (inverted DAPI bands) were then enhanced with the HiGauss filter of Image Pro Plus. Banded chromosomes were arranged into a karyogram using the Genus System 3.7 software and numerically classified according to previous literature (Elder 1980; Elder and Pathak 1980; Elder and Lee 1985) .
Divergence Time Estimates
Likelihood Ratio Test (LRT) was performed using MEGA version 5 (Tamura et al. 2011 ) on cytochrome b (Cyt-b), beta-fibrinogen (Fgb-I7), and interphotoreceptor retinoid binding protein (IRBP-3) gene sequence data sets that were used in Carroll and Bradley (2005) and Henson and Bradley (2009) to test for the presence of a molecular clock. BEAST version 1.6.1 software ) was used to examine the timescale of diversification for North and South American Sigmodon species. We used the age proposed (5-7 Ma) for Sigmodon origin based on the rate of change extrapolated from fossil records (Peláez-Campomanes and Martin 2005) as our lower and upper bound calibration point. A lognormal prior is typically the appropriate distribution for fossil (Hedges and Kumar 2004) , but since the fossil dates were interpreted with the maximum upper bound (7 Ma), we used the truncated normal distribution ( x 5 5, standard deviation 5 1, lower 5 5, upper 5 7). This distribution was used to place prior on tree height, the split between Sigmodon from their most recent common ancestor (Reithrodon; Steppan et al. 2004 ) in all analyses. Time of diversification for Sigmodon was examined as a single combined tree. Cyt-b, Fgb-I7, and IRBP-3 gene were analyzed using GTR-I-G substitution model with sites partitioned by codon (coding regions) or individually (noncoding) with independent clock model.
GenBank accession numbers for each separate gene (Cyt-b/ Fgb-17/IRBP-3) used in the analysis for S. alleni: AF155425/ EU652888/EU635696; S. alstoni: AF293396/EU652889/ EU635697; S. arizonae: EU652908, EU652890/EU635700; S. fulviventer: AF293400/EU652891/EU635701, AF293399/ AY459381/EU635702; S. hirsutus: AF425194/AY459376/ EU635703, AF155416/EU652893/EU635705; S. hispidus: EU073177/EU652895/EU635708, AF425208/AY459373/ EU635706; S. leucotis: AF293401/AY459386/EU635711, EU652909/EU652897/EU635714; S. mascotensis: AF425215/ AY459385/EU635715, AF425217/EU652898/EU635714; S. ochrognathus: AF155592/EU652899/EU635717; S. peruanus: EU073179/EU652901/EU635719; S. toltecus: AF425228/ AY459380/EU635722, EU073182/EU652902/EU635720. Sequence data from Holochilus chacarius: DQ227455/EU652904/ EU649048; Oryzomys couesi: DQ185383/EU652903/EU273426; Reithrodon auritus: EU579474/EU652906/AY163634, and Zygodontomys brevicauda: EU79519/EU652905/EU649075 were used as outgroups.
Clades that have statistically significant posterior probability in Henson and Bradley (2009) were enforced to be monophyletic in BEAST analyses to recover similar topology as presented in Henson and Bradley (2009) . Node dates were examined using a Yule process consisting of 2 independent runs at 100,000,000 generations (10% burn-in). TRACER version 1.5 ) was used to examine convergence, effective sample sizes, and 95% highest probability density intervals (HPDs) for all divergence dates estimated. Independently, concatenated data set were analyzed using GTR-I-G substitution model with no codon partition and lognormal relaxed molecular clock to ensure consistencies in our date estimates. Table 1 summarizes the location of telomeric repeat DNA and the number of interstitial sites in the species of Sigmodon described in this paper. Results for all 8 Sigmodon species were reported based on the hybridization position of telomeric probe for similar diploid and fundamental numbers (Figures 2-7 ).
Results
Sigmodon hirsutus, Sigmodon toltecus, and Sigmodon leucotis (2N 5 52, FN 5 52)
The telomeric probe hybridized to the telomeres on all chromosomes of all these 3 species of Sigmodon. In S. hirsutus and S. leucotis (species with a 2N 5 52, FN 5 52), telomeres were the only chromosomal region to which the telomere probe hybridized (Figure 2a,c, respectively) . In S. toltecus, for each chromosome, the brightest hybridization signal was visible at only one of the telomeric ends of 32 chromosomes ( Figure 2b) ; although this may be due to telomeric copy number, the signal at the alternative end of each of the 32 chromosomes indicates that the hybridization was effective but there was a difference in signal between the opposite ends of the same chromosome. The ''block''-like appearance of the telomeric sequences in S. toltecus may indicate the presence of subtelomeric ITS, as hybridization to only telomeres will produce a ''dot''-like signal. The location of the telomere repeat DNA is noted as: T, telomeres; C, centromeric; M, medial; and ST, subtelomeric; total, is the total number of nontelomeric sites in each species. a Rearrangements associated with fusion points. The telomeric probe hybridized to the telomeres and to interstitial telomeric repeat DNA located in subtelomeric (pericentric) bands in at least 4 different autosomes ( Figure  3a,b) . The interstitial telomeric repeat DNA was indicated by brighter fluorescence due to its close proximity to the hybridization signal of the telomeres (similar to the hybridization signal in S. toltecus). (2N 5 52, FN 5 
Sigmodon ochrognathus
66)
The telomeric probe hybridized to the telomeres and to interstitial telomeric repeat DNA in the middle of acrocentric chromosome 1 (Figure 4a,b) . This was the only nontelomeric site where the telomeric probe hybridized.
Sigmodon fulviventer (2N 5 28 or 30, FN 5 34)
The telomeric probe hybridized to all telomeres and to interstitial telomeric repeat DNA in the middle of acrocentric chromosomes 7, 9, and 10 ( Figure 5a,b) . The interstitial telomeric repeat DNA in chromosome 1 was located closer to the centromere but we classified it as medial, as the band is not adjacent to the centromere. Interstitial telomeric repeat DNA was detected on only one chromosome of pair 7. Distinctly brighter hybridization signal to the telomeres was detected on one chromosome of pair 14.
Sigmodon mascotensis (2N 5 28, FN 5 28) The telomeric probe hybridized to all telomeres and to interstitial telomeric repeat DNA in the centromeric regions of chromosomes 6, 12, and 13, and to medial regions of chromosome 9 (Figure 6a,b) . Hybridization signal to the telomere probe was only detected on one chromosome of pair 6 and this result was found in most metaphase spreads.
Sigmodon arizonae (2N 5 20 or 22, FN 5 38) The telomeric probe hybridized to most of the telomeres and to interstitial telomeric repeat DNA located in the centromeres of the metacentric chromosome 1 and the subtelocentric 8 (Figure 7a,b) . Interstitial telomeric repeat DNA was detected in centromeric blocks on both pairs of chromosome 8, but only 1 smaller medial band on one pair of chromosome 8 contained interstitial telomeric repeat DNA.
Relaxed Molecular Clock Analyses
The estimates of the age of divergence events using BEAST with 95% credibility are shown in the Bayesian inference chronogram (Figure 8) . The assumption of a strict molecular clock was significantly rejected by the LRT for Cyt-b (P , 2.08 Â 10 À6 ) and Fgb-I7 (P , 5.35 Â 10 À5 ), but not for IRBP-3 (P , 0.3797). Thus the time scale diversification analyses for Sigmodon were estimated using uncorrelated lognormal relaxed molecular clock for Cyt-b and Fgb-I7, whereas strict molecular clock for IRBP-3. Effective sampling size for all statistics is more than 200 except for the posterior (98.7), prior (61.9), and CP1.alpha (155.1) statistics. Interspecific diversification dates presented herein should be viewed with caution as only 11 of at least 14 Sigmodon species (sensu Musser and Carleton 2005) have been used in our divergence time estimate analysis. There are also several other hypotheses on the date of the origin of Sigmodon based on molecular data set and biogeography that are not considered here as calibration point as we restrict our prior to only recent fossil dates. Our analysis dated the arrival of the hispidus species group (S. alleni, S. arizonae, S. fulviventer, S. hispidus, S. mascotensis, and S. ochrognathus) ;1.7 Ma (95% HPD: 1.3 and 2.2 Ma). These dates corroborated with the date predicted for this species group based on fossil records (2.5-1.25 Ma, Peláez-Campomanes and Martin 2005). The mean rate of evolution for Cyt-b was 0.128 (95% HPD: 0.097 and 0.161), Fgb-I7 was 0.015 (95% HPD: 0.011 and 0.018), and IRBP was 0.007 (95% HPD: 0.006 and 0.009) substitutions per site per million years. Diversification events between species ranged from 1.99 Ma (95% HPD: 1.47 and 2.54) to 0.53 Ma (95% HPD: 0.33 and 0.75). Concatenated data set analyses resulted with different topology (results not shown), but these changes are on nodes not supported in Henson and Bradley (2009) and in our final analyses (Figure 8 ). Concatenated analyses resulted in all ESS value . 200 and no unusual date inconsistencies were present.
Discussion Meyne et al. (1990) examined 100 species from 13 mammalian orders for chromosomal position of the interstitial telomere DNA repeat (ITS). Their work provided a broad mammalian perspective but few closely related species were examined. We studied 8 closely related species from the genus Sigmodon. The resolution in our study is increased by the presence of a statistically supported phylogenetic tree (Figure 8 ). Relative to the new data presented here, this information allows us to estimate the movements (direction and timing) of telomere repeat DNA during the evolution of closely related species.
Of the 8 species of Sigmodon examined, only 2 species had in situs of ITS restricted to the telomeric regions. We conclude that there is sufficient structure in the in situ signal to make the following observations:
Interstitial Telomeric Repeat Sites in Species with Proposed Primitive Karyotypes
Meyne et al. (1990) hypothesized that karyotypes thought to have maintained the primitive karyotypic condition for a respective lineage will have hybridization signal restricted to the telomeric repeats on the telomeres, with few or no ITS present. As predicted by the Meyne et al. (1990) hypothesis, the telomere repeat only hybridized to the telomeres in S. hirsutus and S. leucotis (Figure 2) , which have the proposed primitive karyotype for Sigmodon.
Additionally, the telomere repeat DNA also hybridized to nontelomeric sites in S. hispidus, S. ochrognathus, and S. toltecus that have retained the proposed primitive karyotype. This variation was observed in our samples and was present in karyotypes reported in Meyne et al. (1990) with telomere repeats hybridized to 3 or more nontelomeric sites in S. hispidus. With our methods and the results in Meyne et al. (1990) , clearly there is a large centric block of ITS on these individual chromosomes (Figure 3) , but it is difficult to establish if these additional copies are centromeric and/or involve small blocks of heterochromatin. C-bands indicate that almost all of the centromeric heterochromatin is found within the centromeres of S. toltecus. The exception is chromosome 21 in S. toltecus (both small autosomes) that stained quite darkly when C-banded (see Figure 2 in Swier et al. 2009 ). In S. hispidus, C-bands are found on the centromeres of autosomes, short arms of the X and the entire Y (Elder 1980) . The distribution of NORs has not been documented in S. toltecus or S. hispidus. Usually, if the telomere repeat only hybridizes to the telomeres, the hybridization signal appears as pairs of dots on both ends of the chromosome (Meyne et al. 1990; Mudry et al. 2007 ). Therefore, we think it is not parsimonious to conclude that interstitial telomere repeat DNA resulted from movement of euchromatic blocks in S. hispidus or in S. toltecus.
In S. ochrognathus (2N 5 52), the only nontelomeric region was an ITS associated with euchromatin in chromosome 1 (Figure 4 ). This ITS is not associated with fusions, as only one paint hybridized to chromosome 1 in S. ochrognathus (Swier et al. 2009) , and this paint covered the entire chromosome including the large darker staining region near the centromere in the DAPI spread (Figure 4b ). The ITS in S. ochrognathus was not associated with the heterochromatin found in the centromeres, a few heterochromatic short arms, a band in the distal half of the long arm of the X and the Y (Elder and Lee 1985) .
Hence, the Meyne hypothesis of primitive karyotypes with telomere sequences only hybridizing to telomeres does not apply to the proposed primitive karyotypes of S. hispidus, S. ochrognathus, and S. toltecus; chromosomal rearrangements do not explain the distribution of ITS in S. ochrognathus or S. toltecus; and evolution of heterochromatin may explain the distribution of ITS in S. hispidus and S. toltecus but not in S. ochrognathus.
Interstitial Telomeric Repeat DNA in Highly Rearranged Derived Karyotypes
A unique feature of chromosomal evolution in Sigmodon is that in addition to the 5 species that have retained the proposed primitive karyotype for the genus, there are 3 other species that have independently altered their respective karyotypes by multiple examples of euchromatic rearrangements (documented by chromosomal paints, Swier et al. 2009, and G-band studies, Elder 1980) . These 3 species had highly derived karyotypes with multiple nontelomeric sites: S. fulviventer (4), S. mascotensis (4), and S. arizonae (3). Meyne et al. (1990) described a centric band of telomeric repeats in one of the metacentrics of S. fulviventer, identified as chromosome 10. Our results added 3 more chromosomes (1, 7, and 9) with ITS, bringing up the total to 4. The fusion point of 2 paints matches well with the location of ITS on chromosome 7; and the ITS on chromosome 1 matches well with the fusion point of 2 other paints (Figure 5c ). The ITS of 9 and 10 does not match to areas of constitutive heterochromatin as C-bands in S. fulviventer are restricted to the autosomal centromeric regions, the X chromosome and the Y (Elder and Pathak 1980) , but may be remnants of repetitive DNA in euchromatin that existed in a common ancestor as the G-bands of 9 and 10 have homologies to the G-bands in S. hispidus (Elder and Lee 1985) . NORs have been described in chromosome 7 and small heterochromatic bands surround these NORs (Elder and Lee 1985) . Chromosomal rearrangements, NORs, and heterochromatin appear to play a role in the distribution of ITS in S. fulviventer. Swier et al. (2009) documented 12 fusions in S. mascotensis. One of the ITS was located in a translocation fusion point (Figure 6c ). These descriptions are compatible with the position of Meyne et al. (1990) . The telomeric repeat DNA located in the pericentric region of a fusion product of S. mascotensis chromosome was not associated with the amplification of telomeric repeat DNA, but the telomeres from a fusion event were retained inside the pericentric region. The other 3 nontelomeric sites are found in constitutive heterochromatin (Elder 1980) and were proposed to be as a result of heterochromatin movement during chromosomal rearrangement. Also, NORs were found to be within the ITS site on chromosome 13. Therefore, ITS in S. mascotensis may involve any one or combination of these mechanisms: chromosome rearrangements, movement of heterochromatin, and NORs.
The ITS sites in S. arizonae did not correspond with NORs as the ITS on chromosome 8 is located more medially on the chromosome, whereas the NOR is located closer to the telomeric end of the long arm (see G-banded chromosome, Figure 7D in Elder 1980) . But there was a correlation between ITS with fusion events (Swier et al. 2009 documented 15 fusions) and with areas of heterochromatin as all the centromeric regions of the autosomes are composed of constitutive heterochromatin (Elder 1980) . Large blocks of constitutive heterochromatin are found in the centromeres of all autosomes of S. arizonae (Elder 1980) , but besides the telomeres, the telomeric repeat DNA only hybridized to the centromeric constitutive heterochromatin blocks of chromosome 1 and 8 in S. arizonae and paints from S. hispidus hybridized to the boundaries of these heterochromatic blocks. This may indicate that during the evolution of chromosome 1 and 8 in S. arizonae, ancestral chromosomes were fused at their respective constitutive heterochromatin ends (i.e., centromere to telomere; centromere to centromere). Alternatively, constitutive heterochromatin may be retained from the centromere/ telomere of either one or both of the ancestral chromosomes, and amplified or placed in an additive position (the amount of constitutive heterochromatin is greater in S. arizonae than in the primitive karyotype of S. hispidus).
Further examples for tandem fusions events changing the chromosomal position of telomeric sequences was described in Lee et al. (1993) . Telomeric sequences were found in various interstitial regions dispersed along the length of the chromosomes of the Indian muntjac (Muntiacus muntjak), as remnants of tandem fusion events between the centromeric heterochromatic region of an ancestral acrocentric chromosome and the long arm of another ancestral acrocentric chromosome. This type of end-to-end fusion in muntjacs has been proposed to be similar to the chromosomal evolution process in the karyotypes of S. arizonae, S. fulviventer, and S. mascotensis (Elder and Hsu 1988) . Relative to Sigmodon, if the ancestral chromosomes were fused at their heterochromatic ends to form the chromosomes of S. arizonae, that process matches the endto-end pattern of tandem fusions in the Indian muntjac (Elder and Hsu 1988; Lin et al. 1991; Lee et al. 1993) . Unlike the Indian muntjac though, constitutive heterochromatin was not retained in each fusion event in the karyotype of S. arizonae as: 1) C-bands are only found at the centromere, 2) at least 2 ancestral chromosomes fused to chromosome 1 in S. arizonae and one of these was not associated with the centromere, and 3) at least 5 ancestral chromosomes fused to form chromosome 8 in S. arizonae and 4 of these were not associated with the centromere (Swier et al. 2009 ). The lack of constitutive heterochromatin in these fusion points follows the hypothesis of Elder and Hsu (1988) that a reduction of heterochromatin at the fusion point usually follows a fusion event. They proposed that telomeric repeats that may have existed in the fusion point are lost or reduced through genomic chromosomal rearrangement.
Both S. ochrognathus and S. fulviventer have ITS that do not correlate with our predictors of chromosomal rearrangements, heterochromatin, and/or NORs. These ITSs appear as a set of double dots and not the ''block''-like appearance as some other ITS. Azzalin et al. (2001) described these ''double dot'' as short ITSs (s-ITSs) telomeric DNA. RuizHerrera et al. (2002) stated that the distribution of s-ITSs was random and not predicted by chromosome position or by location within Gþ or GÀ bands. They did find a correlation to ITS with fragile sites, indicating that ITS may be prone to chromosomal breaks.
When we compared the position of s-ITS sequences in S. fulviventer, S. mascotensis, and S. arizonae, there were 2 commonalities. The same S. hispidus paint (H7) hybridized to S. fulviventer 10 and S. mascotensis 6; and S. hispidus (H20) hybridized to S. mascotensis 12 and to S. arizonae 8 (Swier et al. 2009 ). All of these chromosomes (S. fulviventer 10, S. mascotensis 6 and 12, and S. arizonae 8) have s-ITS like sequences. Maybe the ancestral s-ITS like sequences found in H7 were retained in S. fulviventer and S. mascotensis but lost in S.arizonae, and the ancestral s-ITS-like sequences found in H20 were lost in S. fulviventer. Chromosomal breaks and/or fusion events may have been a factor in the loss of ancestral s-ITS sequences, especially if the ancestral sequences were found in an acrocentric chromosome.
Chromosomal breaks may lead to the loss of telomeric sequences and the subsequent formation of fusion events as proposed in the TEL þ CEN antagonism phenomenon in mice (Slijepcevic 1998) . In Sigmodon, if a double stranded break occurred in the short arm of a telocentric ancestral chromosome, leading to the insertion of telomeric sequences and possible elongation of the short arm, any chromosomal breaks caused by the TEL þ CEN phenomenon may lead to the formation of fusions. These fusions could produce metacentric chromosomes and a possible loss of those previously inserted telomeric sequences. In other Sigmodontine rodent species, Akodon montensis and Bolomys lasiurus, centric fusions followed by pericentric inversions, resulted in the loss of telomeric sequences (Fagundes and Yonenaga-Yassuda 1998) .
Temporal Components of ITS Movement
It is logical that certain amount of time is necessary for chromosomal evolution and that the more time lineages has been independent of others would increase the probability of having rearranged karyotypes. The genus Sigmodon with 3 species of radically organized karyotypes and 5 species retaining the primitive karyotype provides an opportunity to explore this relationship. To accomplish this goal, we performed BEAST analysis to estimate the geological age of nodes indicating time since common ancestry. In fact, a reduction of ITS was proposed to be associated with the age of the species lineage (Zhdanova et al. 2005) . According to the interpretation from fossil data, the last common ancestor of the species of Sigmodon examined in this study was estimated near 5 Ma (Peláez-Campomanes and Martin 2005). If ;5 Ma is correct for the arrival of the Sigmodon ancestor, then the Sigmodon hispidus group (S. ochrognathus, S. hispidus, S. arizonae, S. mascotensis, S. toltecus, S. alleni, and S. hirsutus) would have arisen sometime ;1.7 Ma; and the S. arizonae/S. mascotensis split ;0.53 Ma. Compared with S. fulviventer, the origin of the S. arizonae and S. mascotensis karyotypes is more recent and supports a ''recent chromosomal rearrangement hypothesis'' in which species-specific chromosomal rearrangements appear very recently in the evolutionary history of Sigmodon.
Another observation based on the BEAST analysis is the comparatively short amount of time (;0.53 Ma) available for S. arizonae/S. mascotensis karyotypes to become repatterned after divergence from the most recent common ancestor. If the most recent common ancestor that existed for S. arizonae, S. hispidus, and S. mascotensis had a primitive karyotype as present in S. hispidus, it is parsimonious that S. arizonae and S. mascotensis evolved their chromosome repatterning independently of each other. Elder (1980) proposed that the common ancestor of S. arizonae/S. mascotensis accumulated some chromosomal rearrangements that currently exist in S. arizonae. However, Swier et al. (2009) did not find evidence of shared rearrangements between S. arizonae and S. mascotensis, and concluded that all the chromosomal rearrangements in the S.arizonae karyotype were independently acquired. This means that all of the chromosomal rearrangement of each respected species may have evolved in less than 0.67 My. The fact that one species (S. arizonae) in a genus has such rapid chromosomal evolution; whereas another congeneric species (S. fulviventer) has a much slower chromosomal evolution is striking. Not only can rates of chromosomal evolution differ among mammalian orders (Wilson et al. 1975; Bush et al. 1977; Bengtsson 1980) and families (Baker and Bickham 1980) , but rates of chromosomal evolution can also vary within closely related species in a genus.
Concerning the correlation between proposed evolutionary age and the presence of ITS, we did not find evidence of this correlation. Especially as species with ITS arose at about the same time as species without ITS. We did find some correlation with ITS and heterochromatin, chromosomal rearrangements, and NORs. But no one type of chromosomal structure can explain all interstitial telomeric sequences in Sigmodon. Multiple explanations for movement of intragenomic sequences are required to explain ITS sites in this genus. Additionally, as greater genomic methods provided more definition to chromosomal structure in Sigmodon, our view on what is considered as the ''primitive'' karyotype may change based on the presence of interstitial telomeric sequences in proposed primitive karyotypes. Given that so many mechanisms are active in the repatterning of telomeric repeats in the Sigmodon karyotype, the dynamic nature of the chromosomal evolution in this monophyletic group becomes more apparent. 
